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ABSTRACT
Semi-empirical molecular (Mulliken-Wolfsberg-Helmholtz and
V.E.S.C.F.) orbital calculations on pyridine are reported. Open shell
computations on configurations resulting from tt — tt* and n -» tt* MO
excitations have been performed and it has been shown that significant
charge redistribution effects occur in the latter instance. In
particular, it has been found that the - configuration is of
nTi*
lower energy than the  j. configuration.
rm*
The origins of the "mystery band" in ethylene are discussed 
using (M-W-H) open shell computation methods. The "anti-Berry" 
state n —* o* is found to be of lower energy than either the tt -* n* 
or the Berry a -* Tt* transitions.
Hydrogen disulfide ground state energy as a function of 
dihedral angle (0) is reported. The barrier to internal rotation 
was found to be 2.6Kcal/mole. Origins for the first unfilled MO's 
in H^S^ were reviewed.
THEORY
A. MILLIKEN-WOLFSBERG-HEIMHOLTZ METHOD (M-W-H)
The Mi 1liken-WoIfsberg-HeImholtz method has been the 
1-5
subject of several reviews. The approach utilized the linear
variational method: § is a linear combination of some finite set
of wave functions ^
M
*. = Z c. .<f>.
1 j 1J J
The minimization of the energy (E) generates M simultaneous homogeneous 
linear equations for the M unknown coefficients
M
E c .(H. . - S. ,E) = 0 
j J ij iJ
The coulomb integral (H^) was approximated as the 
atomic valence state ionization potential (V.S.I.P.). The coulomb
b
integrals used were those suggested by Cusachs; these integrals were 
employed in such a way that they were functions of both the atomic 
charge and the ith atomic orbital population. The general equation 
used was
H. . * Ap + B + Cq 
ii
where A, B, and C are a specific set of constants for each atomic 
orbital; where p is the population of that orbital and q is the
2
3particular atomic charge. The resonance integral ) was
1+
approximated by
H, . = (2- |S. . ])(H. + H. . )Sij/2ij 1 ij 1 li jj
The atomic overlap was calculated utilizing
Slater orbitals or self-consistent field (S.C.F.) combinations of 
Slater orbitals. Where feasible, the orbital exponent of the single 
Slater atomic orbital was constructed so as to mimic the overlap
properties of the S.C.F. functions over a range of representative
5
bond distances.
The energy of a given molecular state was assumed to 
be identical to that of the corresponding MO configuration and given by
E - E n . e .
j-i j J
where e. is the MO eigenvalue and n. is the number of electrons in the 
J J
jth MO.
The population analysis is that of Milliken,^ namely
2
p . = E c .c .S.. = c . + E c .c .S.. ni i ni nj ij ni ^  ni nj ij
J
In the event that the nth MO is occupied, p may be taken to represent 
the fraction of the time which an electron in the nth MO resides in 
atomic orbital i (i.e., the fraction of the electronic charge in the 
atomic orbital i). The summation of appropriate p terms generates 
the electronic configuration on atom i.
In order to attain self-consistency of charge and 
configuration the difference between input and output configuration 
was calculated, a fraction of the charge change was imposed on the 
original configuration, and a new configuration calculated. This 
process was continued until the difference in output and input 
configurations was smaller than a previously prescribed unit. The 
method is that of convergence of the charge density matrix achieved 
through heavily damped iterative procedures.
B. TRANSITION PROBABILITY
Transition probability in a molecule is defined via 
the transition moment given by
M = <Y It |Y >n ' m
where Y and Y are the wave functions for the initial and final 
n m
states, and T is the transition moment operator. The transition 
moment operator was restricted to the electric dipole part. The 
R (the dipole moment vector operator) for the electronic transition 
is given by
_  n _
R = 2 R.1
1
where the summation extends over all electrons. In order to evaluate 
the two-center dipole contribution, or rather to eliminate the necessity 
of so doing, the Slater orbitals were transformed to a Lowdin basis set. 
The coefficients of the Lowdin orbitals were used to calculate 
transition moments, whereas Slater orbitals were used to evaluate the
5overlap. This use of one center integrals and overlaps implicates 
higher order terms.
C. SPIN ORBIT COUPLING 
In a multi-electron system, the hamiltonian (spin-
j
dependent) is
X'T2~2 J, (8rad Vi k i P i)'512m c k=1 1=1
where V., is the potential between electron i and nucleus k, s. is 
lk r i
the spin-angular-momentum operator of electron i, and p^ is the 
linear momentum operator. The summation extends over all electrons 
and all nuclei. A more convenient form is
i-1 1 1 1
where A. is given by^
N ,
A. =i P P R
2m c k=l ik dR..lk
where £. is the angular momentum operator of electron i.
The magnitude of the singlet (S) and triplet (T) mixing
is represented by the matrix element (S^'I t ). The transition moment
9
of the T^ ** Sq process is then given by
H,. ^  = 2 <S0 |R|sk) x {<Sk tK:,|T1)/CE(T1)-E(Sk )]} 
1 o k
+
J
2 <T \k \t \) x (<T. fee'|S0>/tE(So )-E(Tj)l}
6where the j summation also extends over all triplet components, and
where in this instance represents the three components of the
triplet state. Weissman^ and McClure^ have determined the conditions
12
necessary for the elements ( S | t ) to have non-zero values. McClure 
also indicated the manner in which these state elements can be reduced 
to MO matrix elements.
The one-electron operator for the spin orbit interaction 
of two molecular orbitals is given by
. 2  N Z^JL .
v* = he v k
^ 2C2 k
where Z^ is an effective atomic charge on nucleus k, y  is one of the
Cartesian components of the spin orbit operator associated with
nucleus k, and R, is the distance of the electron in question fromk
nucleus k. The strong inverse dependence on indicates that 
one-center terms will be of dominant significance in these types 
of calculations. The term  ^? is evaluated as
R
<— = z 5/ a 5 n 5(id-l)(j
R e i x o
where a is the Bohr radius, n and £ are quantum numbers, and Zo eff
is another effective atomic charge. If the is defined equal to 
then the final form of the operator (5) is
? = (e^h2/ 2m2c2a^)[(Z^)V/(n)-( j&H)(4+fc)].
The singlet-triplet mixing can also be calculated using
5 , where 5 is taken from atomic spectroscopic data.^exp exp
D. VARIABLE ELECTRONEGATIVITY SELF-CONSISTENT FIELD (V.E.S.C.F.)
the hamiltonian is given by
Within the framework of the pi-electron approximation, 
Ik
= z x core(i) + e  (-i-)
i K j  tj
1C (i) contains both kinetic and potential energy terms for 
core
electron i, and — —^  represents the electron repulsion betweenK.» ,
ij
electrons i and j. The V.E.S.C.F. approach differs from other
S.C.F. methodologies in that the values for the effective nuclear
charge (Z^) are taken to be a function of the pi-electron density
(P..). For atoms in the first row of the periodic table Z. is 11 1
calculated, to a good approximation, from a screening factor equation
z. = n. - 1.35 - 0.35(0. + p . . )i i  ' i ii
where c\ is the valence sigma electron density and the nuclear
15
charge. The general form for the matrix element 1L^ is
H ii = |t .(1) + U.(l) U.(l)) + |Pi:L(ii |jj)
n
+ Z (qj-Xj ){ii | jj ) - (j:ii )] - 2 (r:ii)
t
where is the atomic orbital at atom i, Xj is the number of pi-electrons
contributed by atom j, qj is equal to Zn^c. , and (ii|jj) is the
a J
repulsion integral. The general form of the repulsion integral is given as
8where R is the separation of electrons x and y and ^ , 4> „
xy i J R *
are wave functions at particular centers. The approximation of 
zero-differential overlap
(^(x) |^(x)> =  0 for i ^ j
was imposed in these calculations. The penetration integral (j :ii) 
is given as
( j : ii ) = <^j(x) tW*(x) |^(x)>.
*
The operator K\(x) is
K t(x) =3Ct(x) + <^i(n) I ^ i( n ) >
where R is the distance of electron x and n, and ictfx) represents 
xn i
the potential due to the interaction between the pi-electron (x) 
and the positive ion which remains from atom i after taking a pi- 
electron from that center. The hydrogen penetration integrals are 
defined as (nii).
The form of the resonance integral H is given as
where 3 is the resonance integral as extracted from Huckel theory, 
and i-s the pi-electron density between centers i and j.
The integrals were evaluated semi-empirically as
fo1lows:
kinetic and potential term
( ^ ( O l T . f l )  + U iC 1) |^i( 1)) = V.S.T.P.
9one-center coulomb integrals
(ii|ii) = V.S.I.P. - Electron Affinity 
two center coulomb integrals
16
(ii|jj) = Pariser-Parr uniformly charged sphere 
model when R ^ 2.8l
or = a R +  bR + -|[( ii |ii ) + ( j j | j j )]
17penetration integrals
(j:ii) = (atomic No. of atom j-2)(j|ii)
-u(2s s |ii) - y(2pOj2paj |ii)
-w( 2pn^2pTTj | ii ) - z (2pTTj 2pTT^. |ii )
2
where (j|ii) = - (tfi.(x)|— |^.(x)) and u,y, w and z are the numbers
l R , j
J*
of electrons in the 2s^, ^PCTj > * anc* ^pTTj or^:*-t:a^ s » respectively,
hydrogen penetration
2
( T : i i ) = -<^i(x)|-|— ^ ( x ) )  - (lsHlsH |ii).
xH
Finally, the problem was iterated until self-consistency was 
achieved in the bond order matrix.
10
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CHAPTER I 
PYRIDINE
A. INTRODUCTION
Pyridine is an interesting molecule in that the lowest
energy vertical ionization potential refers to the ionization of
a pi-electron while the lowest energy electronic transition is
produced by the excitation of an n-electron. Behavior such as
this is inconsistent with any simple molecular orbital description.
Sidman'*" has postulated that the release of electron repulsion energy
generated in the n -* tt* excitation is much greater than that from the
tt "■* TT* excitation. The expected order of transition energy, namely
E . < E . is reversed, thus according with the known ordering
TTTrr nrf*
E > E .
Trrr* nit*
Pyridine was studied using M-W-H computations; those
configurations considered were: (1) the closed shell, J (2) the
open shell configuration, ^F (3) the open shell configuration,
nfl*
Lr The MO electron configurations are schematically shown in
TTTT*
Figure I. The M-W-H approach appears adequate to describe the 
sigma framework as well as the charge (tt and a) redistribution. 
Self-consistency of charge and configuration for the closed shell 
and open shell was obtained, thus enabling a discussion of electron 
density in all models. In addition, the sigma potential from the 
M-W-H for closed shell was used in a V.E.S.C.F. pi-electron
1 3computation, including configuration interaction; thus, the * F
1 n i*
12
13
Figure I
Schematic of the Different MO Electron Configurations 
for the M-W-H Computations
i ^ T T  Z = ± =  
J i _____ n  _ l i —  n  _ t —
J i _____TT ♦* TT tt
14
states are discussed. The eigenvectors for the closed shell
configuration of pyridine were used to calculate the exchange
integrals of the configuration.nrr*
Spin orbital contribution to the intersystem transition 
probability matrix element (S|r |T) were evaluated by methods already 
described (See, Theory for discussion of methods).
B. COMPUTATION
The basis functions used were carbon 2s, 2p , 2p , 2p ;x y 2
nitrogen 2s, 2p , 2p , 2p ; and hydrogen Is. The coulomb integrals x y z
for carbon, nitrogen and hydrogen are given in Table I.
An additional empirical factor was introduced in all 
M-W-H calculations. The coulomb integrals for atomic orbitals 
(i.e., V.S.I.P.'s) were adjusted in such a way as to lift the 
2p^j 2py AO degenerac.t ies; this adjustment was an attempt to 
empi.ric.i2e the "atoms-in-molecule" effect"^.
The excited configurations (M-W-H) for the srngle electron 
excitation were represented by an electron in an MO not occupied in 
the configuration;, coupled with a hole in one cf the set. of MO's
which was formerly occupied in the configuration. Pyridine was
fixed in the yz plane; it was considered planar in all configurations, 
Structural parameters were taken from Bak, Nygaard and Andersen^, 
(Figure IT).
^ For an extended discussion of the "atoms-in-molecule1
effect, see Appendix I.
15
TABLE I 
COULOMB INTEGRALS
Carbon 2s = 1.7(POPi>a - 22.9 - 11.9(CNZ)
2p - 1.5(POPi)a - 12.9 - 11.9(CNZ)
Nitrogen 2s = 1.9(POPi)a - 29.3 - 13.7(CNZ)
2p = 1.9(POPi)a - 16.3 - 13.7(CNZ)
Hydrogen Is = 0.121(CNZ)3- 13.97(CNZ)2 - 26.93(CNZ) - 13.6
POP^ is the orbital population and CNZ is the atomic 
charge. All energy values are in eV units.
16
F i . g j r e  I I  
Pyr.L-ii.ne arid I t  s  Co: r- i inat . A.v  ^s
X
1
5
N
0
17
The V.E.S.C.F. computation was executed within the latitudes
3
indicated by Brown and Hefferman . The configuration interaction 
calculated Included all singly excited states, but only three doubly 
excited states.
C. RESULTS AND DISCUSSION
1. M-H-H Treatment
The order of MO filling of the closed shell configuration
of pyridine (^T^) is tt (-9.35eV, a^) , tt (-9.36eV, b^) , n (-10.44eV, a^),
and tt (-10.89eVf b^). This sequence coincides with available
experimental evidence (Table II) with respect to both the energy and
the nature of each MO. Indeed, all the eigenvalues are in remarkable
agreement with experimental evidence (Table III). The perturbation
of the nitrogen atom lifts the degeneracy of the tt(~ -9.3eV) MO's
which for the benzene molecule are exactly degenerate.
The energy ordering,of the MO eigenvalues from the M-W-H
4
computation does not agree with recent work reported by Clementi . 
Clementi indicated that the ordering of filling should be: rKa^),
rr(b^), n(a^), a(b^), Tr(b^ ) ; thus, in this instance, two sigma MO's 
separate the highest energy and lowest energy filled t tMO' s . 
Experimental evidence does not justify the Clementi ordering.
The MO at -10.43eV(a^) is a bonding sigma orbital. This 
orbital corresponds to the classical n-molecular orbital^, but has 
substantial charge density throughout the sigma skeleton of the
TABLE II
ORBITAL ENERGIES ASSOCIATED WITH THE GROUND CONIIGURATION
OF PYRIDINE
Calculated Symmetry Experimental Type Orbital
9.35a
a2
9.28b 9. 26° TT
9.37 >1
10.44 al 10.54 10.30 n
10.89 bl 12.22 11.56 TT
12.22 b2 14.44
--- il
13.28 al 15.49
---
13.89 b2 16.94
14.27 b2
---
14.64
al
--- ---
16.37 al
--- --- C7
18.06 b2
--- _ _ _
18.49
al
--- ---
23.46
b2
---
24.54 al
---
29.00
al
— —  —
r
All eignevalues in this table are negative and in electron voltc.
b M.I. Al-Jebcury and D.W. Turner, Chem. Soc., 4434 (1964).
C M.A. El-Saved, M. Kasha and Y. Tanaka3 Chem. Fhys. „ 34, 334 
(1961).
19
molecule (Table III). The plausibility of quantitative considerations
of the distribution of the n-molecular orbital has become possible
6 7only recently. Kasha and Hoffmann have postulated that the
n-electrons are not entirely located on a particular 2p nitrogen
orbital, but that instead they are involved with the sigma bonding
electrons. In this work, the 2p atomic orbitals on nitrogen was
found to be the largest contributor (44%) to the n-MO, for all
configurations (^T, , 3 but the results do accord with
i nrf* nrf*
the attitudes of the diffuse nature of the MO.
g
Anno and Sado calculated the 2s AO nitrogen character
to be less than 107. of that of the 2p AO nitrogen in the n-MO. The
present computations are at variance with this result,, for not only
does the 2s AO nitrogen donate a significant portion (~.!170) to this
MO but, in addition, the 2p AO on carbons 2, 3, 4 and 5 contribute
to the n-MO. The extent of sigma orbital character is in total
9 4accord with the computations of Robin £t al. and Clementi .
The experimentally determined symmetries of the first
excited configurations of pyridine are taken from Rush e_t al. ^
and Stephenson^. The j, configuration is t.vpe, and the
r iT r  1
V  configuration is Cvpe as determined from spectral dat a.
TTTT* 2
In order to produce the correct state symmetries in the M-W-H 
computations the correct, configurations, as to eigenvector character 
for the final and initial MO's, must be considered. The *T
nrr
TABLE III
THE EIGENVECTOR AND VALUES ASSOCIATED WITH THE FILI
Eigenvalue -28.995 -24.539 - 23.460 -18.486
Carbon I 2s - 0.177 0.427 - 0.000 - 0.326
2pz - 0.003 0.003 0.000 - 0.100
2px - 0.000 - 0.000 - 0.000 - 0.000
2py 0.000 0.000 0.072 - 0.000
Carbon 2 2s - 0.200 0.286 0.341 0.118
2pz 0.000 0.041 - 0.029 - 0.137
2px - 0.000 - 0.000 - 0.000 - 0.000
2py - 0.001 - 0.018 0.027 0.141
Carbon 5 2s - 0.200 0.286 - 0.341 0.118
2pz 0.000 0.041 0.029 - 0.137
3px - 0.000 - 0.000 - 0.000 - 0.000
2py 0.001 0.018 0.027 - 0.141
Carbon 3 2s - 0.301 to 0.087 0.350 0.189
2pz 0.008 0.063 0.029 0.103
2px - 0.000 - 0.000 - 0.000 - 0.000
2py 0.009 0.046 0.028 0.183
Carbon 4 2s - 0.301 - 0.087 - 0.350 0.189
2pz 0.008 0.063 - 0.029 0.103
2px - 0.000 - 0.000 - 0.000 - 0.000
2py - 0.009 - 0.046 0.028 - 0.183
Nitrogen 2s - 0.491 - 0.449 0.000 - 0.335
2p? 0.028 0.059 to 0.000 0.086
2px - 0.000 - 0.000 - 0.000 - 0.000
2py 0.000 to 0.000 0.081 0.000
H-Cl Is 0.004 0.081 - 0.000 - 0.193
H-C2 Is 0.002 0.051 0.089 0.085
H-C5 Is 0.002 0.051 - 0.089 0.085
H-C3 Is - 0.005 - 0.022 0.095 0.163
H-C4 Is - 0.005 - 0.022 - 0.095 0.163
i-SHELL CONFIGURATION 1r . OF PYRIDINE
-18.064 -16.372 -14.642 -14.265 -13.892
0.000 - 0.017 - 0.211 0.000 0.000
0.000 - 0.254 0.006 0.000 0.000
0.000 to 0.000 - 0.000 0.000 0.000
- 0.211 - 0.000 - 0.000 - 0.128 - 0.318
- 0.268 0.090 0.096 - 0.121 - 0.008
- 0.136 - 0.124 0.083 0.205 - 0.296
0.000 - 0.000 - 0.000 - 0.000 0.000
- 0.040 - 0.146 0.289 0.225 0.146
0.268 0.090 0.096 0.121 0.008
0.136 - 0.124 0.083 - 0.205 0.296
0.000 - 0.000 - 0.000 - 0.000 0.000
- 0.040 0.146 - 0.289 0.225 0.146
0.236 0.024 - 0.094 - 0.122 0.026
- 0.160 0.169 0.094 - 0.203 0.292
0.000 - 0,000 - 0.000 - 0.000 0.000
0.029 - 0.149 - 0.208 0.250 0.187
- 0.236 0.024 - 0.094 0.122 - 0.026
0.160 0.169 0.094 0.203 - 0.292
0.000 - 0.000 - 0.000 - 0,000 0.000
0.029 0.149 0.208 0.250 0.187
0.000 - 0.066 0.179 - 0.000 - 0.000
- 0.000 0.231 0.003 0.000 0.000
0.000 - 0.000 - 0.000 - 0.000 0.000
0.228 0.000 - 0.000 - 0.142 - 0.323
0.000 - 0.282 - 0.064 0.000 0.000
- 0.177 - 0.188 0.328 0.255 - 0.019
0.177 - 0.188 0.328 - 0.255 0.019
0.173 - 0.255 - 0.260 0.263 0.013
- 0.173 - 0.225 - 0.260 - 0.263 - 0.013
N?
O
Table III (Continued)
Eigenvalue 
Carbon 1
Carbon 2
Carbon 5
Carbon 3
Carbon 4
Nitrogen
H-Cl
H-C2
H-C5
H-C3
H-C4
-13.277
2s 0.095
2pz - 0.477
2px 0,000
2py - 0.000
2s 0.089
2pz 0.236
2px 0.000
2py - 0.087
2s 0.089
2pz 0.236
3px 0.000
2py 0.087
2s - 0.123
2pz - 0.141
2px 0.000
2py 0.060
2s - 0.123
2pz - 0.141
2px 0,000
2py - 0.060
2s 0.102
2pz - 0.330
2px 0.000
2py - 0.000
Is - 0.460
Is 0.100
Is 0.100
Is 0.085
Is 0.085
12.219
0.000
0.000
0.000
0.365
0.062
0.035
0,000
0.309
0.062
0.035
0.000
0.309
0.045
0.033
0.000
0.312
0.045
0.033
0.000
0.312
0,000
0.000
0.000
0.304
0.000
0.273
0.273
0.257
0.257
-10.869
0.000 
- 0.000 
0.230 
0.000
0.000
0.000
0.266
0.000
- 0.000 
0.000 
0.266 
- 0.000
0.000 
0.000 
0.352 
- 0.000
0.000
0.000
0.352
0.000
- 0.000 
- 0.000 
0.454 
- 0.000
- 0.000 
0.000 
0.000 
- 0.000 
- 0.000
-10.436
0.002 
0.030 
- 0.000 
0.000
0.095
- 0.252
- 0,000
- 0.014
0.095
- 0.252
- 0.000 
0.014
- 0.027 
0.286
- 0.000 
0.076
- 0.027 
0.286
- 0.000
- 0.076
0.266
- 0.827
- 0.000 
- 0.000
0,119
- 0.092
- 0.092
- 0.135
- 0.135
I.P.M.O.
- 9.367 - 9.350 - 6.403 - 6.085 - 3,904
- 0.000 - 0.000 0.000 0.000 - 0.000
0.000 0.000 - 0.000 - 0.000 0.000
0.582 - 0.000 0.000 - 0.714 - 0.446
- 0,000 - 0.000 0.000 0.000 - 0.000
0.000 0.000 - 0.000 - 0.000 0.000
- 0.000 - 0.000 0.000 0.000 - 0.000
0.340 - 0.444 0.583 0.405 0.461
- 0.000 - 0.000 0.000 0.000 - 0.000
0.000 0.000 - 0.000 - 0.000 0.000
- 0.000 - 0.000 0.000 0.000 - 0.000
0.340 0.444 - 0.583 0.405 0.461
0.000 0.000 - 0.000 - 0.000 0.000
- 0.000 - 0.000 0.000 0.000 - 0.000
- 0.000 - 0.000 0.000 0.000 - 0.000
- 0.185 - 0.477 - 0.556 0.293 - 0.593
0.000 0.000 - 0.000 - 0.000 0.000
- 0.000 - 0.000 0.000 0.000 - 0.000
- 0.000 - 0.000 0.000 0.000 - 0.000
- 0.185 0.477 0.556 0.293 - 0.593
- 0.000 - 0.000 0.000 0.000 - 0.000
0.000 0.000 - 0.000 - 0.000 0.000
0.000 0.000 - 0.000 - 0.000 0.000
- 0.447 0.000 0.000 - 0.593 0.638
0.000 0.000 - 0.000 - 0.000 0.000
0.000 0.000 - 0.000 - 0.000 0.000
- 0.000 - 0.000 0.000 0.000 - 0.000
- 0.000 - 0.000 0.000 0.000 - 0.000
0.000 0.000 - 0.000 - 0.000 0.000
0.000 0.000 - 0.000 - 0.000 0.000
Is)
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configuration has only one plausible origin: an n-electron (-10.4eV,
a^) is excited to a tt* MO (-6.09eV, ^ther possible
n -* Tt* excitation may be ruled out; because a transition to the
Tt* MO (~6.04eV, a^) generates a configuration (symmetry forbidden)
and the energy gap to the TT*(-3.00eV, b ) is prohibitive. The +1 111"
transitions: a tt electron (-9.35eV, a^) ex:i:wd t.c a n* MO (-6.09eV,
b^) or to a n* MO (-6.04eV, a^) > Both tt — rr* excitations were
considered. (Figure III).
The lT  (^B,) configuration is lower in energy than the 
nn* i
1 1T i. ( B_) configuration. The calculated energy difference of
TTTT* 2
configurations and configurations is 2:0 and <1.0eV.
nn* _ i n r*
The abs~>*pil~n spectrum of pyriline indicates the energy difference
to be within this range (Figure I.V) • The M-W-H computations predict
the 1 Tnr(k (^B^) conf igurat ion to be 3.59eV (28,700 cm *) above t he
closed shell, and the (^Bd configuration to be between
TTTrf 2
3.7 5eV and 4.48eV (30,000 cm  ^ and 35,800 cm *) higher than the 
f illed shell c onfiguration. The computations are In a< cord with 
experiment (*r . 3^,770 cm \  ref. 10; and *f 38, 350 cm \
nTT* * TTTr"
ref.11) .
The n-MO in the i r.lled shell is lower in energy (~leV)
than the n-MO1 s. The ordering cf conf igurat i^n h.- ral energies,
however, appears reversed in that the (^ B.,) f~472.88eV)
nrr* L
configuration er.ergv is lower than the ,) -^72.7 2eV and
mr* ' 2
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Figure III
MO's of Pyridine in the Closed Configuration and Open Shell
C:nfiguration. A is the Stabilization of an MO in the
(^B,) Configuration as Related to the Same MO 
nrr* 1 l l
in the ( A^) Configuration.
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Absorption Spectrum of Pyridine
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-471.99eV) configuration. Small, additively significant changes
in several of the MO eigenvalues facilitate this apparent ambiguity.
The difference in MO levels of the * (^ B.. ) configuration as
nn* i
opposed to the filled shell ate noted as a 's in Figure III. The
relation of MO energy difference (A) to charge shifts can be perceived 
if a comparison of the population analysis (Table IV) and the 
eigenvalues (Figure III) is made. A considerable redistribution 
of charge is associated with the n -* n* transition, but no such 
redistribution is associated with the tt -* rt* transition. Thus, a 
change in electron density associated with the n -» n* transition, 
but not with the tt -* TT* transition, enables significant (~1.5eV) 
energy mutation. It is concluded that the correlation of sigma-pi 
electron density must be considered in order to evaluate configuration 
energies properly.
2. V.E.S.C.F. Treatment
The sigma charge distribution provided by the M-W-H
1 1 3
calculations Is applicable to both the F^ state and the * F ji.
states. This core potential was used in the V.E.S.C.F. computations
followed by configuration interaction (C.I.) considerations. The
rr -* Tf* singlet and triplet electronic transitions are predicted to
be 5.21eV and 3.74eV (^A^), respectively. (Figure V). The
experimental v a l u e s ^ * ^  are 4.54eV (^B^) and 3.70eV (~*A^). The
oscillator strength for the ^F (^B„) state was calculated to
in i* 2
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TABLE IV
POPULATION OF PYRIDINE FOR CLOSED AND OPEN SHELL CONFIGURATIONS
lr
TTTI*
a -* b 
1 1
^rm* 
bl - a2
1rtlTT
a i -  bi
Carbon 1 2s 1.140 1.100 1.148 1.112
2pz 0.946 0.901 0.958 0.886
2px 0.998 1.228 0.957 1.215
2py 0.943 0.869 0.964 0.887
Carbon 2 2s 1.141 1.158 1.138 1.146
2pz 0.955 0.965 0.954 0.864
2px 0.975 0.903 0.984 1.067
2py 0.947 0.978 0.941 0.956
Carbon 3 2s 1.121 1.145 1.117 1.104
2pz 0.944 0.972 0.938 0.854
2px 0.996 0.878 1.013 1.103
2py 0.939 0.969 0.933 0.920
Nitrogen 2s 1.499 1.468 1.507 1.505
2pz 1.700 1.683 1.710 1.228
2px 1.060 1.210 1.050 1.427
2py 0.893 0.830 0.894 0.931
Hydrogen Cl Is 0.962 0.986 0.960 0.980
Hydrogen C2 Is 0.958 0.953 0.958 0.960
Hydrogen C3 Is 0.953 0.942 0.954 0.941
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13
be 0.007 as compared to the experimentally determined value
~0.04. The agreement leaves something to be desired. The
ionization potential (before C.I.) was found to be -10eV; this
is lower (~1.5eV) in energy than the M-W-H calculated ionization
potential. However, the ionization potential is comparable to
14other V.E.S.C.F. results , but in the present work the sigma
potential has an entirely different origin which is less
susceptable to arbitrariness.
In a attempt to estimate all state energies, the
exchange integral for the n -* Tt* transition, 6 = 0.294eV, was
nrr’*
evaluated, (Appendix II). Thus, the singlet-triplet splitting in 
the n -• tT* transition is 0.589eV. With conservation of the
3
baricenter, the ^nTI* state pyridine is approximately 3. 3eV 
above the ground state. The order of states in pyridine in direction 
of increasing energy is 3rnT1* C ^ ) ,  (3A 1>, ( ^ J  , and
IrTTrt* (1B2). (Figure VI).
3. S.O.C. Computation
In order to discuss the non-luminescence of pyridine,
it is necessary to consider the spin orbital coupling. The lifetime
3 3for the transition of the lowest triplet state ( r  A,) to the
Tnt* 1
1 1ground state ( A^) was computed. The only possible S.O.C.
mechanism leading to relaxation of spin forbiddenness arises from
1 1  3the mixing of the singlet state r ^  ( B,) with the A, state;
nx(* i I
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The Electronic States of Pyridine
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this uniqueness arises from symmetry and selection rules. Symmetry
allows only the yth component of the S.O.C. hamilitonian to have
15non-zero values. The oscillator strength of the n -♦ tt* transition
was calculated (M-W-H) as f ~  .0003.
The major contribution to the S.O.C. from the n-MO was
from the nitrogen 2pz AO interacting with the nitrogen 2p^ AO.
(Figure II). For the two methods employed (C . . =70.0 andN ° ' ’’empirical
^calc = 50.0; for nitrogen 2p AO) the matrix element for the S.O.C.
was 9.45 cm  ^ and 5.77 cm
The only triplet state mixing into the ground state 
3 3singlet was from a rnT|* ( again because of symmetry and
selection rules. The matrix elements were 16.38 cm  ^ (C . . ..)’’empirical'
and 11,49 cm  ^ (E . ).^calc.
For the S.O.C. using 2 . . ,, the contribution conferred’empirical’
on the transition moment through the singlet state mixing
nrr
with the triplet state was 0.308x10 and through the
3 1
triplet state ( r _^) mixing with the ground state r. singlet
niT” 1
r q >j
was 0.115x10 ]?. The calculated lifetime for the A^ -♦ A^ (I -+ S) 
transition was 0.200xl0+  ^ sec.
For the S.O.C. using g , the contribution conferred
L C  «
to the transition moment through the singlet state mixing
with the triplet state f . was 0.188x10 X, and through triplet
mr*
j 1 - 7
state T mixing with the ground state r\ singlet was 0.805x10 .nrr" 1
3 1The calculated lifetime for the A^ -* A^ (T -* S) transition was
31
0.648xl0+^ sec.
The phosphorescence of pyridine has not been reported.
The results of S.O.C. computations indicate that the lifetime of
the triplet to singlet transition is extremely long, which allows
3 3competitive non-radiationless depopulation of the ( A.. )
nrr* i
state.
4. Theory
An overall view of both the M-W-H and V.E.S.C.F. methods 
indicates a new area of applicability for these semi-empirical 
theories. The M-W-H results, with respect to the total energies 
changes, points out the obvious necessity for correlation effects 
in all configurations. If (M-W-H) the MO's from configuration
are used to estimate the tt -* tt* transition, the energy is ~3.1eV; 
whereas the  . transition energy (M-W-H) was calculated
1 Tiff*
to be ~4.leV. The anomaly in the calculations of this transition
is associated with the electron replusion energy which is not
1 3considered in the first approach. Comparing the * r state
111'T*
energies, as generated in the V.E.S.C.F. calculations (5.21eV and
3.74eV), and of the__________ __* configuration energy (M-W-H)
1 TTTT*
difference (~4.21eV) is made, then the  * energy is
l mr*
1 3between the * r states. Thus, when a spin considerations
I Ilf*
(exchange integrals) are super-imposed on the M-W-H energy differences, 
the correct type of state and energy are evolved. This attitude
32
3
would justify the approach used to estimate the r . state energy.nrr*
A further ramification of the M-W-H configuration energy
difference method arises in the n -* tt* excitation study. The
1F -* *T energy difference is dependent on major changes in 1 nrf*
the charge density matrix, which was reflected in the lower lying 
sigma MO's redistribution, Thus, an n -* Tt* transition energy not 
only implicates electron replusion terms (“ “), but vividly points
Ru
out the need for o- tt correlation. It is the opinion of this author 
that correlation studies (not necessarily M-W-H methodology) are 
late in coming, but needed.
D. CONCLUSION
The first ionizing electron in pyridine is from a rrMO.
The first excited configuration is (^B^) and has significant
charge shifts associated with it. The n-MO is a bonding sigma
orbital with electron density throughout the molecular framework.
The lifetime for the T. -+ S ("V__* (^A.) -• (^A-)) transition
1 o tttY* l I t
is predicted by S.O.C. to be extremely long, thus enabling competitive 
quenching mechanisms to non-radiatively depopulate this triplet state. 
The <yn electron separability is not valid for the studies of 
excited configurations of pyridine.
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CHAPTER II 
ETHYLENE
A. INTRODUCTION
The importance of ethylene in the field of quantum 
chemistry is without parallel.*- The ethylene system is the 
prototype upon which all olefin systems are based, and it is a 
"starting point" for all semi-empirical and ab initio quantum 
chemical theories. Consequently, significant importance attaches to
2 3 4
studies of Rydberg series , optical activity , chemical reactivity , 
cis-trans isomerization, etc., and these have been pursued.
Owing to the simplicity of the ethylene model for tt-
electron systems, a complete understanding of this system is essential.
The existing confusion concerning the electronic spectra of ethylene-- 
in particular, the "mystery band" at 5~6eV--must lead to a 
significant doubt about the validity of the ct-tt separability 
approximation. Thus, it is of interest to gain more information 
concerning the open shell configurations of ethylene.
B. COMPUTATIONS
The basis set used was carbon 2s, 2p , 2p , 2p , andx y z
hydrogen Is. The coulomb integrals are found in Chapter I, Table I.
A M-W-H computation was performed on the ground state and on several 
excited states. The excited states are assumed to be represented 
by a single electron in a MO level which is above the set of MO
35
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levels occupied in the ground state, coupled with a hole within 
the ground state occupied set (i.e., the state in ethylene
was represented by an electron in a tt* MO and a hole in a n MO).
These excited states were also iterated to self-consistency.
Three sets of V.S.I.P. adjustment factors were considered 
in an attempt to describe the "atoms-in-molecules" effects; these
are: (Set l), the a adjusted (l.l) and the tt adjusted (0.8);
(Set 2), the a unadjusted, and the tt adjusted (0.8); (Set 3)> the 
a and rr unadjusted. Structural parameters were taken from Sutton^; 
t h e  molecule was fixed in the (yz) plane. (Figure I).
C. RESULTS AND DISCUSSION
The molecular orbitals for ethylene ground state, (Sets
1, 2, and 3)> are given in Tables I, II and III. The sequence of
the filled molecular orbitals for Sets 1 and 2 are parallel, but 
Set 3 is withstanding. The variance of Set 3 to Sets 1 and 2 crops
u p  in the last filled MO. The lowest energy ionizing orbital of
Set 3 is cr (b^)-MO, whereas Sets 1 and 2 have a tt (b^)-MO as the 
last filled orbital. A comparison to the experimentally determined 
ionization potential is available in Table IV. The agreement of 
Sets 1 and 2 with experimental data, both with respect to MO type 
and energy, indicates that both of these Sets are a better 
representation of the ground state than is Set 3- The eigenvectors
37
Figure I
Ethylene Molecule and Symmetry Axes
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TABLE I
EIGENVECTORS AND EIGENVALUES OF ETHYLENE GROUND STATE MO'S
SET 1, tt (0.8) a  (1.1)
b x a bo3u g 2u
Eigenvalue -23-943 -19.446 -15.670 -14. 170
Carbon 1 2s 0.478 -0.318 0.191 -0.000
2pz 0.000 -0.000 0.000 0.000
2p
X 0.027 0 . 157 0.397 0.000
0.000 -0.000 -0.000 0.510
Carbon 2 2s 0.478 0.318 0.191 0.000
2pz 0.000 -0.000 0.000 0.000
S P x
-0.027 0.157 -0.379 0.000
0.000 0.000 0.000 0 . 511
HI i s 0.116 0.265 -0.264 0.253
H2 Is 0.116 0.265 -0 .264 -0.253
H3 Is 0 . 116 -0.265 -0.264 -0.252
H4 Is 0.116 -0.265 -0.264 0.252
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Table X (Continued)
b i b , bo bolg lu 2g 2u
Engenvalue -11.657 -9.393 -6.254 -4.063
Carbon 1 2s 0.000 -0.000 -0.000 0.000
-0.000 o. 636 0.810 -0.000
2Px 0.000 0.000 0.000 -0.000
2py 0 . 514 -0.000 -0.000 0.449
Carbon 2 2s 0.000 -0.000 -0.000 -0.000
2PZ -0.000 0.636 -0.809 -0.000
2Px -0.000 -0.000 -0.000 -0.000
-0.513 0.000 0.000 0.449
HI Is -0.391 -0.000 -0.000 -0.671
H2 Is 0.391 0.000 0.000 0.671
H3 Is -0.391 -0.000 -0.000 0.671
H4 Is 0.391 0.000 0.000 -0.671
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Table X (Continued)
b3u b lg
a
g b3u
Eigenvali-ie -3.001 -1.076 -0.932 22.159
Carbon 1 2s -0.637 -0.000 0.603 1. 147
2Pz 0.000 0.000 0.000 0.000
^ x 0. 571 0.000 -0 .624 1.075
0.000 0.701 0.000 -0.000
Carbon 2 2s 0.637 -0.000 0.603 -1.147
0.000 0.000 0.000 0.000
2Px 0 . 571 -0.000 0.624 1.075
2py 0.000 -0.701 -0.000 0.000
HI Is -0.479 0.615 -0.463 0.013
H2 Is -0.479 -0.615 -0.463 0.013
H3 Is 0.479 0.615 -0.463 -0.013
h 4 Is 0.479 -0.615 -0.463 -0.013
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TABLE II
EIGENVECTORS AND EIGENVALUES OF ETHYLENE GROUND STATE
SET 2, TT (0.8) a (1.0)
a b, a b „
g 3u g 2u
Eigenvalue -24.078 -19.113 -15.044 -13.464
Carbon 1 2s -0.493 -0.337 -0.194 0.000
2p -0.000 -0.000 -0.000 -0.000
-0.020 o .i45 -0.367 -0.000
-0.000 -0.000 0.000 -0.501
Carbon 2 2s -0.493 0.337 -0.194 -0.000
2Pz -0.000 -0.000 -0.000 -0.000
2px 0.020 o .i45 0.367 -0.000
2py -0.000 -0.000 -0.000 1 0 1—
*
HI Is -o. 103 0.262 0.274 -0.266
H2 Is -o. 103 0.262 0.274 0.266
H3 Is
0—Ho'1 -0.262 0.274 0.266
h 4 Is -0.103 -0.262 0. 274 -0 .266'
Table II (Continued)
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b, b. b blg lu 2g 2u
Eigenvalue -ll.146 -9.720 -6.472 -3.896
Carbon 1 2s -0.000 -0.000 -0.000 -0.000
2Pz -0.000 0.636 -0.809 0.000
2Px 0.000 0.000 0.000 0.000
0.503 -0.000 -0.000 -0.459
Carbon 2 2s -0.000 -0.000 -0.000 0.000
2Pz -0.000 0.636 0.809 0.000
2PX 0.000 -0.000 -0.000 0.000
-0.503 0.000 0.000 -0.459
HI Is -0.400 -0.000 -0.000 0.666
H2 Is 0.400 0.000 0.000 -0.666
H3 Is -0.400 -0.000 -0.000 -0.666
h 4 Is o.4oo 0.000 0.000 0.666
TABLE II (Continued)
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3u blg
a
g b3u
Eigenvalue -2.968 -1.001 -0.621 22.022
Carbon 1 2s 0 .62? -0.000 0.590 1.147
2 prz 0.000 0.000 0.000 0.000
-0.578 0.000 -0.632 1.073
-0.000 0.708 0.000 0.000
Carbon 2 2s -0.627 -0.000 0.590 -1.147
2Pz 0.000 0.000 0.000 0.000
2 p x -0 . 578 -0.000 0.632 1.073
2 p y -0.000 -0.708 -0.000 0.000
HI Is 0.480 0.609 -0.460 0.020
H2 Is 0.480 -0.609 -0.460 0.020
H3 Is -0.480 0.609 -0.460 -0.020
H4 I s -0.48o -0.609 -0.460 -0.020
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TABLE III
EIGENVECTORS AND EIGENVALUES OF ETHYLENE GROUND STATE MO’S
SET 3, tt (1.0) a (1.0)
a b.. a b _
g 3u g 2u
Eigenvalue -24.074 -19.111 -15.041 -13.461
Carbon 1 2s 0.493 0.338 -0.194 -0.000
2pz 0.000 0.000 -0.000 0.000
0.020 -0.145 -0.367 -0.000
0.000 0.000 0.000 0.501
Carbon 2 2s 0.493 -0.337 -0 .194 0.000
2Pz 0.000 0.000 -0.000 0.000
2Px -0.020 -0.145 0.367 0.000
0.000 -0.000 -0.000 0.501
HI Is 0.103 -0.262 0.274 0.266
H2 Is 0. 103 -0.262 0. 274 -0.266
H3 Is 0.103 0.262 0.274 -0.266
H4 I s 0.103 0.262 0,274 0.266
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Table III (Continued)
lu lg 2g 2u
Eigenvalue -12.Ib6 -11.144 -8.087 -3.896
Carbon to
CVJ -0.000 0.000 -0.000 0.000
2Pz 0.636 0.000 0.810 -0.000
2p
X
0.000 -0.000 0.000 -0.000
2py -0.000 -0. 503 -0.000 0.459
Carbon
j
2 2s -0.000 0.000 -0.000 -0.000
2Pz 0.636 0.000 -0.809 -0.000
2px -0.000 0.000 -0.000 -0.000
0.000 0.503 0.000 0.459
HI is -0.000 o.4oo -0.000 -0.666
H2 Is 0.000 -0.400 0.000 0.666
H3 Is -0.000 0.400 -0.000 0.666
h 4 Is 0.000 -o.4oo 0.000 -0.666
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Table III (Continued)
3u b ilg
a
g b3u
Eigenvalue -2.967 -1.001 -0.621 22.018
Carbon 1 2s -0.627 -0.000 0.590 1.147
0.000 0.000 0.000 0.000
2Px 0. 578 0.000 -0.632 1.073
2py 0.000 0.708 0.000 0.000
Carbon 2 2s 0.627 -0.000 0.590 -1.147
2PZ 0.000 0.000 0.000 0.000
2Px o. 578 -0.000 0.632 1.073
HI Is
0.000 
-0.480
-0.708
0.609
-0.000
-0.460
-0.000
0.020
H2 Is -0.48o -0.609 -0.460 0.020
H3 Is o. 480 0.609 -0.460 -0.020
h 4 Is o.48o -0.609 -0.460 -0.020
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TABLE IV
IONIZATION POTENTIALS OF ETHYLENE
IPexp. MOType
Adjustment Factor adjusted calc. MOType
I 10.5la TT P^ ....0.8
Pa ----l.l 9-39 TT
II 10. 5ia TT pTT ....0.8 
p^ ....1.0 9-72 rr
III 10.5la TT p^ . . . .  1 . 0  
P q  . . . . 1 . 0 11.14 CT
Price, J. Chem. Phys., 4, 147 (1936).
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of Sets 1 and 2 are in accord with the S.C.F. calculations of 
Robin, Hart, and Kuebler , and Palke and Lipscomb (as reported by
Q
Dunning and McKoy ) for the filled molecular orbitals.
However, the purpose of these calculations was not to 
obtain additional information pertaining to the ground state but to 
generate a feasible assignment of the mystery band in the ethylene
9 *absorption spectrum. Berry has proposed a a rr electronic
7 *assignment while Robin e_t a_l. introduced an "anti-Berry" tt -* a
transition for the mystery band.
The total energy (after iteration of the density matrix)
of the Lr., V  * (b -* b0 ), 1r * (b. b ), and lr * (b. - b0 )1* CTTT lg 2g' TTTT v lu 2g" TT(7 lu 2u'
states for Sets 1, 2, and 3 was calculated in order to discuss these 
alternative assignments. In addition, for Set 3 the state *
(b was inclu<^ ed. The results are available in Figures II,
III, and V (eigenvalues); and Table V (total energies). In all three
sets the anti-Berry tt -» ct* ^2u^ state was always found to be
lower in energy than the Berry a  -* tt*  (big b2g^ s t a t e * F o r  S e t s  1
and 2, the anti-Berry state tt -* cr* is lower (<— leV) than the Berry
state (blg-* ^2g^* ^et ^ut ^°r 3 l°wer*-n8 energy of the TT(b^u )-MO, 
indicates that the anti-Berry electronic transition explains the 
mystery band. The Berry and anti-Berry transitions are both symmetry 
forbidden, and the tt -* tt*  transition is allowed with polarization along 
the long axis (C-C) for all Sets. The transition moments are of no aid 
in determining the electronic nature of the mystery band, but the obvious
7
result, considering only energy trends, is an agreement with Robin et _al.* .
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Figure IX
Molecular Orbitals of Ethylene Ground State and Excited States
Set 1, tt (0.8) a (1.1)
A is the shift of MO's in * state as compared to the V ,
cm 1
state.
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Figure III
Molecular Orbitals of Ethylene Ground State and Excited States
Set 2. tt (0.8) ct (1.0)
A is the shift in M O ’s of the * state as compared to the
CTTT
state.
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Figure IV
Molecular Orbitals of Ethylene Ground State and Excited States
Set 3, rr ( 1.0) a ( 1.0)
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TABLE V
TOTAL ENERGY OF ETHYLENE GROUND STATE AND EXCITED STATES
SETS 1, 2, and 3
Set 1 Set 2 Set 3
4-x
188.52+ 185.13 189.95
lrTm*
185.40 181.88 185.90
V  *
arr 180.75
178.18 184.33
na
187.00 182. 50 185. 14
lraa*
---- ---- 184.27
^All energies are given in eV and are negative.
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g
Dunning and McKoy , using ab initio methods "cannot 
account for the mystery band". It is the opinion of the author 
that the open shell M-W-H method can make positive predictions in 
this regard because the empirical nature of the method generates 
plausible eigenvectors and eigenvalues for the unfilled MO's.
The S.C.F. method predicts unfilled MO's which are dubiously high 
energetically. The eigenvalues and orbital symmetries for the
Q
unfilled MO's (Palke and Lipscomb S.C.F. method and the M-W-H 
method) are presented in Table VI. The pertinent disparity arises 
in the character of the lowest energy unfilled sigma MO. The
ab initio method predicts this MO (+11.7eV, a ) to have predominant
8
carbon 2s AO character, whereas the M-W-H lowest energy unfilled
a-MO (-4.06eV, possesses a large fraction (~70“j(>) hydrogen
Is character. The S.C.F. anti-Berry tt -» cr* transition is b, — a
J lu g
and the unfilled a* orbital is a (C-C sigma MO). The M-W-H
s
anti-Berry transition is b, -* b_, and the unfilled o*(b ) MO
lu 3u 3u
is an anti-bonding C-H MO. The tt -• a* (^ j_u “* k^u ) transition permits
a redistribution of charge to the periphery of the molecule; this
* .
charge shift is not possible in a tt “* a (b, -• a ) transition. The
lu g'
population analyses of all states (Sets 1, 2, and 3) are given 
in Table VII.
The Berry transition (M-W-H) cr ”* tt* ^gg) ten< s^ to
increase the charge on the carbon atoms. The ^0 has (**60$)
*
C-H character, and the cr ”* rr transition augments the carbon electron
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TABLE VI 
UNFILLED ORBITALS IN ETHYLENE
SCF M-W-H
Energy(eV) Symmetry Energy(eV)
Symmetry
+ 5.44 b TT*
3g
- 6.25 1- *b TT
3g
+ 11.70
*
a a 
g
- 4.06 , *b z CT3u
+ 11.90 a3u - 3.00 b. a* lu
+ 12.80 b. a* lu - 1.08
+21. 20 , * 
2g - 0.93 a a* g
+21.75 b a*3u 22. 159
. * b., ct 3u
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TABLE VII
POPULATION OF ETHYLENE GROUND STATE AND EXCITED STATES
TT (0.8 ) CT (l.l)
V , lr * -1 xr *1 TTTT CT TT TTCT
Carbon 2s 1.1241 1.124 1.082 1.194
2px 1.000 1.000 1.^97 0.503
2pz 0.688 0.688 0.613 0.817
2py 1.286 1.287 0.948 1.514
Hydrogen Is 0.951 0.951 O .930 O .986
TT (0.8) CT (1.0 )
lpi V  * xr *
1 * TTCT1 TTTT CTTT
Carbon 2s 1. 169 1. 169 1. 126 1.237
2px 1.000 1.000 1.497 0.503
2pz 0.652 0.652 0.575 0.776
2py 1.251 1.251 0.917 1.487
Hydrogen Is 0.965 0.965 0.943 0-999
TT (l.O) CT (1.0)
lr x 1FTTTT* lrcm* 1r *TTcr
Carbon 2s 1. 169 1.169 1. 126 1.237
2px 1.000 1.000 1.497 0.503
2pz 0.651 0.651 0.574 0.775
2py 1.251 1.251 0.918 1.487
Hydrogen Is 0.965 0.965 0.943 0.999
The average number of electrons in the orbital.
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density. This effect of concentrating the charge on the carbon is
*
opposite to the charge change in a tt -* a transition. The separation
of charge in an anti-Berry transition is a dominant factor in making
the latter state the lower in energy.
The t t  -• t t  (b. -* b„ ) electronic transition was found tolu 2g
be (~1.5eV) higher in energy than the tt "* a* ”* b ^ )  electronic
transition, for Sets 1 and 2. The stabilization of the * state
TTCT
arises from small but additively significant changes in the sigma 
and pi eigenvalues. The ground state used as a reference scale,
the MO's of the * state shift are shown in Figures II and III.
cm
The shifts enable the F * state to have meaningfully lower energy 
than the * state. The * state shows little change in
TTTT TTTT
eigenvalues compared to the ground state. The direction and 
magnitude of the change in electron density determine state energies. 
(Table VII.)
The method of Appendix II (i.e., n -* tt exchange
integral evaluation was used to order the states in ethylene and it
was found to be: * , "V ■*, *. A test of
1 TTTT TTCT TTq  TTTT CTTT
the accuracy of this ordering might be made by comparing the structure in 
the absorption and emission spectra of mono-olefins. The vibrational 
spacing in an electronic transition is characteristic of the terminal 
state; thus, the structure of the mystery band ( t t  a ) in which a 
is a MO of C-H bonding nature, should differ from the vibrational 
structure in an emission (i.e., phosphorescence t t  * - t t *  , and 
fluorescence t t  «- cr* ) • Ethylene does not emit, apparently because 
of the free rotational nature of the excited state, but norbornene,
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eyelohexene, or <y-D-pinene should exhibit luminescence. These data 
are not available.
D. CONCLUSIONS
The correlation of sigma-pi electrons for unsaturated 
hydrocarbons must be considered for all states, that is ground 
state and excited states. The mystery band in ethylene is the 
result of an anti-Berry IT -* a electronic transition. The M-W-H 
open shell computational model appears to achieve stature in that 
it generates hither-to unattainable agreement with experiment.
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CHAPTER III 
HYDROGEN DISULFIDE
A. INTRODUCTION
The occurrence of sulfur, in particular the sulfur-sulfur
bond (S-S), is widespread. Sulfur is found in various fields of
chemistry: biochemical--cystine, trypsinogen, and insulin;
organic--dithiane, dithietene, and thiol; and inorganic--hydrogen
disulfide, cyclic sulfur (SQ), and sulfates.o
In order to understand the implications of the sulfur- 
sulfur bond for these systems, it is necessary first to understand 
the sulfur-sulfur bond itself. A primary compound containing the 
sulfur-sulfur linkage is hydrogen disulfide. The development of 
a model for hydrogen disulfide could lead to a comprehension of 
several sulfur-sulfur systems.
Classically, hydrogen disulfide is depicted as seen in 
Figure I. As in hydrogen peroxide*", the lowest energy configuration
2 q
is assumed to occur when the dihedral angle is 90 . In this 
configuration, the last filled molecular orbitals are degenerate, 
non-interacting, 3p atomic orbitals on the sulfurs. As the 
dihedral angle varies, these atomic orbitals may interact, and 
form both tt and n* molecular orbitals. Both orbitals are filled, 
thus generating a metastable configuration. This, however, is a 
very simple model. The stability of the entire compound can be 
considered only if all eigenvalues are observed as the dihedral 
angle is varied. A complete S.C.F. study of this type of system
60
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Figure I 
Hydrogen Disulfide
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is not available at this time.
B. COMPUTATION
A Mulliken-Wolfsberg-Helmholtz type calculation has
been completed. The method has been described earlier. The atomic
orbital basis set used in the calculation is sulfur 2s, 2px, 2p^,
2p , 4s. 3d , 3d , 3d , 3d 9 9, and 3d 9; and hydrogen Is.
* xy* xz* yz’ x^-y-^’ z^ J
The coulomb integrals for sulfur and hydrogen are given in Table I.
The total energy of hydrogen disulfide was calculated at a dihedral
angle of 90°. The system was then studied by varying the dihedral
angle through 180° in 10° intervals using fixed charges and
configurations. The wave functions used were Slater orbitals,
3
and the structural parameters were taken from Sutton .
C. RESULTS AND DISCUSSION
The molecular orbitals, and population analysis for the 
ground state of hydrogen disulfide (0 = 90°) are given in Table II. 
The charge on the sulfur atom is -.030. Note, that the population 
of the 4s atomic orbital is 0.002, while the population of the 
3d atomic orbital is 0.000. The last filled orbital is an 
approximately degenerate molecular orbital at -10.56eV. The 
experimental ionization potential for hydrogen disulfide is fixed
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TABLE I
COULOMB INTEGRALS (electron volts)
S Sulfur 3s = 2.43(POPi)1 - 26.15 - 9.70(CNZ)2
3p = 1.12(POPi) - 13.62 - 9.70(CNZ)
3d =-6.2 (CNZ) - 3.67
4s = -6.04(CNZ) - 3.76
H Hydrogen Is = 0.121(CNZ)3 - 13.97(CNZ)2 - 26.93(CNZ) - 13.6
^POP^ is the orbital population. 
2
CNZ is the atomic charge.
All energies are in eV units.
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TABLE II
HYDROGEN DISULFIDE GROUND STATES (9 = 90°); EIGENVALUES. 
POPULATION ANALYSIS. AND EIGENVECTORS
u3
3C/1
CN
f-H
3CO
HI
Energies^ 25.58 19.15 14. 39 14.12 12.34 10.67 10.56 Bop.
* 3s .875 .589 .019 -.074 -.011 .007 -.009 1.576
3pz -.002 .004 -.445 -.484 .629 -.093 .138 1.248
3px -.000 -.001 -.138 .168 .093 -.829 -.769 1.999
3py .011 -.149 .109 -.054 .835 -.014 .032 1.225
4s .000 .000 .000 .000 .000 .000 .000 • 0022
3dxy
3d
.000 .000 .000 .000 .000 .000 .000 . .000
.000 .000 .000 .000 .000 .000 .000 .000xz
3dyz .000 .000 .000 .000 .000 .000 .000 .000J
3d ? z* .000 .000 .000 .000 .000 .000 .000 .000
f 3d o p
x y
.000 .000 .000 .000 .000 .000 .000 .000
3s .87 5 .589 .019 -.074 -.011 -.007 -.009 1.576
3prz .000 .001 -.138 -.168 .093 .830 -.769 1.999
3pX -.002 -.004 -.445 .484 .063 .093 .138 1.248
3py -.011 -.149 -.109 .054 -.835 -.014 -.032 1.225
4s .000 .000 .000 .000 .000 .000 .000 .0022
3d .000 .000 .000 .000 .000 .000 .000 .000xy
3d .000 .000 .000 .000 .000 .000 .000 . .000xz
3dyz
3d o z-^
.000 .000 .000 .000 .000 .000 .000 .000
.000 .000 .000 .000 .000 .000 .000 .000
3d o o xz-yz .000 .000 .000 .000 .000 .000 .000 .000
Is .115 .250 -.289 -.216 -.003 -.056 .053 .950
! Is .115 -.250 -.289 .216 -.003 .056 .053 .950
^Eigenvalues are In electron volts and are 
2
The population of the sulfur 4s-AO arises
negative, 
from round off errors.
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4
between -10.09eV and -9.90eV. The experimental limits are
dependent upon the estimate of the curve shape for the internal
rotation about the sulfur-sulfur bond. The calculated ionization
potential is in excellent agreement with experimental values.
The ionizing molecular orbital has a 3p AO of sulfur as its major
component as seen in Table II. The coefficient of the 3p atomic
orbital (0.769) is three times larger than any other coefficient.
Since the square of the coefficients determines the energy term,
this atomic orbital is the major contributor.
The relationship between the total energy of hydrogen
disulfide and the dihedral angle is an indication of the barrier
to rotation about the sulfur-sulfur bond (Figure II). The barrier
potential to internal rotation about the sulfur-sulfur bond, as
calculated by this method, is 2,6Kcal/mole. The internal potential
5 6to rotation from experimental data is 6.4Kcal/mole , 6.8Kcal/mole ,
j
and 6.2Kcal/mole . However, the order of magnitude has been 
established and the calculated barrier to internal rotation is in 
satisfactory agreement with these experimental values. This 
indicates that the model for the ground state is reasonably valid.
The total energy considerations indicate that the most stable 
form of hydrogen disulfide exists when the dihedral angle is 
between 60° and 80°. This value for the dihedral angle is in
66
Figure II
Total Energy of Hydrogen Disulfide Versus 
the Change in Dihedral Angle (9)
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9
accord with the work of Cusachs, e_t al. .
The tt and tt*  molecular orbitals in the ground state 
follow the predictions of the simple overlap model. These molecular 
orbitals approach degeneracy at 90°, and split upon variations of 
the dihedral angle. (Figure III). Divergence from the simple 
overlap model occurs in the following instances: The most stable
state is not at 90° and the rt* molecular orbital does not destabilize
A
as rapidly as the tt molecular orbital stabilizes. Owing to this 
fact, the angular stability characteristics of the system must be 
found in a redistribution of sigma orbital eigenvalues. (Figure IV) 
The two lowest energy sigma molecular orbitals are 
unaffected by angle distortion, and consist largely of 3s sulfur 
AO character. The stabilization effects arise from the contribution 
of molecular orbitals 6(a0 a.), and 4(ac c, a,) J while molecular
o"*rL 1 D"b 1
orbital 3(o0 b„) has the opposite effect. The stabilizingb-ri z
tt orbital, and destabilizing tt* orbital indicate a shallow minimum 
at 0 and 180 degrees. The t t, tt* total effect at 60° is stabilizing. 
The internal rotation about the sulfur-sulfur bond cannot be 
considered as a simple trigonometric function of the 3p sulfur- 
sulfur overlap, as it was originally conceived.
The first electronic transition in hydrogen disulfide 
is observed at 2700& (4.6eV). The excitation takes place from a 
molecular orbital^ which i s  a 3p atomic orbital or a tt*  molecular
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Figure III
The Energy o f  the T t *  and tt Molecular Orbitals 
Versus the Dihedral Angle (0) is Shown
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The Eigenvalues of the Filled Molecular Orbitals of Hydrogen 
Disulfide in the Ground State as a Function of Dihedral Angle 
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orbital, depending on the dihedral angle. The first excited state
singlet is ascribed to an electronic transition to a sigma molecular
orbital. The type of sigma molecular orbital is not known, but it
may arise from a molecular orbital with a predominant 4s sulfur
character; from a o* orbital where the 3s, 3p sulfur and the Is
hydrogen are of importance; or from a sigma molecular orbital with
large 3d sulfur character. In order to study the effects of the
3d sulfur atomic orbitals in the problem, it is necessary to
circumvent Slater's rules. The population of the 3d orbitals is
zero; thus, the Slater zed should also be zero--which leads to a
9-12Slater atomic orbital which is much too diffuse. Due to the
small population of the 4s sulfur atomic orbital, the Slater zed 
for this orbital was varied without recourse to Slater's rules.
The results (Table III) indicate that the three first unfilled 
molecular orbitals in hydrogen disulfide are more or less invariant 
to changes in the dihedral angle. The a * (3s, 3p sulfur, Is hydrogen)
molecular orbital remained in the region of -2.50eV which is well
above the first transition energy. Experimentally, the first
unfilled molecular orbital should lie at ----6.00eV. The zed for
the 4s sulfur was adjusted between 0.100 and 0.300. These
differences produced little or no effect on the o(4s sulfur)
See, C.A. Coulson, "Valence", Oxford University Press,
Amen House, London E.G.4 (1961).
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TABLE III
THE SLATER Zed's ARE ADJUSTED FOR THE SULFUR 4s AND 3d ATOMIC 
ORBITALS. THE ENERGY OF THE LOWEST UNFILLED 
MOLECULAR ORBITALS EIGENVALUE ARE COMPARED 
VIA DIHEDRAL ANGLE INTERVALS
Zed 4s = .300 3d = .100
Molecular
Orbital
Dihed ral Angle
Character 0 10 20 30 40 50 60 70 80 90
3d 3.74, -3.74 -3.75 -3i 75. -3.75 -3*75* -3*75 -3.75 3*75. -3.75
4s 3.84 -3.84 3.84 -3.84 -3.83 -3.83 -3.83 -3.83 -3.82 -3.82
cr* 2.75 -2.75 -2.75 -2.76 -2.76 -2.77 -2.77 -2.78 -2.79 -2.80
Zed 4s = .214 3d = .214
Molecular 
Orbital 
Character 0 10 20
Dihedral Angle 
30 40 50 60 70 80 90
3d -4.01 -4.01 -4.00 -3.99 -3.97 -3.96 -3.95 -3.94 -3.94 -3.95
4s -3.76 -3.76 -3.76 -3.76 -3.76 -3.76 -3.76 -'3.76 -3.76 -3.76
a* -2.33 -2.34
r-co•CM1 -2.41 -2.46 -2.52 -2.58 -2.64 -2.69 -2.73
Zed 4s = .214 3d = .300
Molecular 
Orbital 
Character 0 10 20
Dihedral Angle 
30 40 50 60 70 80 90
3d -4.07 -4.06 -4.05 -4.08 -4.03 -4.02 -4.00 -3.99 -3.99 -3.98
4s -3.81 -3.74 -3.74 -3.74 -3.74 -3.74 -3.74 -3.74 -3.74 -3.74
a* -2.84 -2. 86 -2.89 -2.83 -2.84 -2.79 -2.52 -2.55 -2.54 -2.42
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molecular orbital; it remained in the vicinity of -3.80eV. The 
3d molecular orbital could be considered in the sphere of the 
first transition energy when adjusted with a zed of 0.300. This
zed has no foundation in Slater's rules, but does indicate
9 10attitudes parallel to Craig and Cruickshank . The possibility
of the 3d sulfur atomic orbital playing an Important part in the
unfilled orbitals is obvious, but the extent has not been realized.
Primary importance should be given to the information that although
the nature of the first unfilled orbital is not known, the three
primary suspects are more or less invariant to rotation.
Simple cyclic aliphatic disulfides are known to have 
absorption peaks in the ultraviolet (2000X - 3000&). In such 
molecules the disulfide group is surrounded by saturated carbon 
atoms, and the absorptions occur in a region far removed from 
that of the hydrocarbon spectra. Thus, to a good first approximation, 
the disulfide group can be treated as an isolated diatomic unit 
subject only to ring strain. The first electronic excitation 
should therefore be from a tt* molecular orbital to the first unfilled 
molecular orbital which is invariant to rotation, it is then 
evident that the excitation energy should decrease with decreasing 
dihedral angle. A second excitation should arise from the tt 
molecular orbital to the same final molecular orbital and a higher 
energy absorption peak should be generated. The difference in
energy between these first and second excitations is dependent 
on the dihedral angle and can be considered to be related to 
the tt, TT* splitting, which is also a function of the dihedral 
angle. The relative energy difference in absorption spectra of 
cyclic disulfides, (Table IV), permits an estimate of the dihedral 
angle. (Figure V). The prediction is not dependent on any 
character of the first excited molecular orbital, other than 
that this orbital is invariant to 0 and is the terminal molecular 
orbital for both excitations.
D. CONCLUSION
The semiempirical method utilized agrees in general 
with the simple overlap method. The correct ionization potential 
and barrier to internal rotation are predicted. The expected 
splitting of the Tt* and tt orbitals is predicted, but the lowest 
energy from the overlap model and semiempirical model differ in 
the consideration of the dihedral angle. The complex nature of 
the unfilled molecular orbitals allows only speculation concerning 
the assignment of the electronic transitions; many superficial 
correlations are possible.
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TABLE IV
ABSORPTION SPECTRA OF SEVERAL CYCLIC DISULFIDES'1, 
AND HYDROGEN DISULFIDE
Compound n*-a tt -> a AE*
4,4-dimethyl-l,2-dithiacyclopentane 3400& 2200X^ 2.05
1,2-dithiacyclopentane 3200& 2200& 1.80
1,2-dithiacyclohexane 2890& 2090X 1.45
1,2-d ithiacycloheptane 2850& 2240X 1.20
3,4,6, 7-octaflouro-1, 2, 5-trIthia­
cycloheptane
2400X 2220& 0.50
hydrogen disulfide 2800& 2600X 0.25
+
Unpublished work--S.P. McGlynn and S.D. Thompson.
^AE is energy difference between absorption maximum in eV.
^The absorption spectrum of 4,4-dimethyl-l,2-dithiacyclopentane is not 
known below 2300A; this maximum is predicted from the band shape of 
comparative systems.
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Figure V
The Calculated Energy Difference of tt and tt* MO's Versus 
Dihedral Angle (-0-). The Observed Energy Split in 
U.V. Absorption Band ( - O — )
+
Disulfides Angle
4,4-dimethyl-l,2-dithiacyclopentane 16°
1.2-d ithiacyclopentane 29°
1.2-dithiacyc.lohexane 43°
1.2-dithiacycloheptane 52°
3,4,6,7-octaflouro-1,2,5-trithiacycloheptane 77°
hydrogen disulfide 87°
$ o1 , 2-dithiacyclopent ane--4-earboxyl ic acid 26
The angle is that predicted for these compounds, comparing 
calculated tt* and tt split with difference in absorption 
maximum.
*0. Foss and 0. Tjomsland, Acta Chem. Scand.. 12. 1810 (1958). 
This is an experimental angle but the spectrum is not given.
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APPENDIX I
The most replete Milliken-Wolfsberg-Helmholtz (M-W-H) MO
calculations available to date^ suffer from a number of deficiencies.
Of these, it is probable that the neglect of "atoms-in-molecules"
effects is one of the more crucial. In other words, whereas the
diagonal matrix elements of the M-W-H energy matrix are readily
evaluated from atomic ionization data in such a way as to take
account of the charge and configuration of the particular atomic
center on which the AO i is situated, they do not include any effects
due to the neighboring atomic centers. These effects are probably
complex-involving, as they must, the full complement of electron
repulsion and electron-nuclear penetration effects. A discussion
of such effects in heteronuclear MX molecules has been given inn
2
terms of a Madelung potential by Jorgenson a_l. ; these authors 
have shown that such neighbor effects dominate covalent bonding 
effects when the atoms M and X have significantly different 
electronegatives. A more replete discussion of this same topic 
has been given by Corrington and Cusachs^.
The purpose of the present note is to point out the 
necessity for similar corrections in simple unsaturated molecules 
(e.g., benzene) and to present the results of an empirical approach 
indicative of the direction in which remedial efforts must tend.
The ionization potentials computed by M-W-H procedures for 
saturated molecules appear to accord quite well with experiment.
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k
This is evident in the work of Rein e_t _al. and in Table I of this 
appendix. On the other hand, the ionization potentials computed
for unsaturated molecules are consistently found to be much too high;
k
this is particularly evident in the work of Rein and in the first
three columns of Table II of this appendix. In addition, M-W-H
calculations on benzene and other unsaturates produce in many
instances a ct-tt splitting of the filled MO's which is much too small,
or may even situate some of the ct-MO's among the highest energy
filled tt-MO's . In sum, M-W-H computations do not adequately treat
unsaturated molecules.
It is also clear that these deficiencies may be remedied
by splitting the input degeneracy of nil-AO's. This approach is best
illustrated as follows: In methane the 2p , 2p and 2p AO ofrx y z
carbon are clearly degenerate; in acetylene, where the z-axis is
defined along the C-C bond, the 2p^ and 2p^ AO's are clearly degenerate
and of less binding energy than the 2pz AO; in ethylene, where the
z-axis is defined perpendicular to the molecular plane, the 2pz AO
is unique and is lesser binding energy than the degenerate 2p , 2px y
pair. It is necessary to point out that the direction of change
required to accord with experiment is in qualitative discord with
2 5the simple Coulomb attitudes of both Jorgenson and Cusachs-Corrington .
The excess charge on carbon in smaller unsaturates is generally
slightly negative, whereas the splitting of the 2p-A0's of carbon
which is necessary to accord with experiment can only result from
neighbor atoms which are positively charged. Thus the "atoms-in-molecules"
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TABLE I
IONIZATION POTENTIALS OF SATURATED MOLECULES
Compound IP IP ,
exp. calc,
(ev) (ev)
H2S 12.6l5 12.00
h2s2 10.096 10.56
H20 10.U27 10.56
CH^ 12.9 9 8 13.65
C2H6 11.658 12.00
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TABLE II
IONIZATION POTENTIALS OF UNSATURATED MOLECUI£S
C omp ound IPexp. 
(ev)
IP ica lc. 
(ev)
Adjustment
Factor
adjusted 
calc.
(ev)
C^Hg(acetylene) 11.4l5 12.59 0.9 11.46
C2H^(ethylene) 10.515 13.22 0.8
0.834
9.95 
10.51
C ,.H ( eye lopentadieny 1 
radical)
8. 589 0.815 8.67
C^Hg(benzene) 9 A 3 10 12.04 0.8
0.788
9.86
9-4
C^H^N(pyridine) 9.2711 10.43 0.74 9.55
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effects discussed here result either from some facet of the covalency 
not yet recognized, or from simple penetration effects of the AO's 
on one center into the imperfectly shielded nuclear fields of other 
centers. Thus, the required effects are similar to those which 
might be brought about by a type of crystal field phenomenon in which 
the fields seen by the different AO's on any one center are slightly 
different because of varying screening effects. To correct for 
such an effect in any ji priori way is manifestly different. Consequently, 
we have empiricized them.
The diagonal element H . . for the isolated 2p -AO of carbonii r tt
has been adjusted by a multiplicative factor for a number of molecules.
It has been found that 1*1^ 1 must be reduced by a factor of "‘0.8 
in order to yield accord with experiment. In other words, the ct,tt 
separability so commonly used in considerations of aromatics must 
be enhanced, within the framework of M-W-H considerations, in order 
to make M-W-H computations yield satisfactory agreement with experiment. 
The results of such adjustment will be found in columns 4 and 5 of 
Table II; similar adjustment satisfactorily handles the inconsistencies 
of Rein's results; furthermore, other unsatisfactory aspects of 
M-W-H results (e.g., ct-tt splittings) are satisfactorily considered.
Some computations have also been carried out in such a way that the
(2p , 2p , 2p )-baricenter has been retained Invariant. A compilation
x y z
of some of these Is given in Table III; within our ability to
discriminate, this approach also works equally well.
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TAB1Z III 
IONIZATION POTENTIALS OF ETHYLENE
IPexp.
(ev)
Adjustment Factor __adjusted IP , 
calc.
(ev)
10.515 PTT ...0.8
Pa ...1*1 9.392
10.515 PTT .. .0.8
PCT ... 1.0 9.72
10.515 pn ...1.0
... 1.0 11.14
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The net results of our considerations are:
(i) The necessity of incorporating atoms-in-molecules 
effects into (and, automatically thence, into ) in order to
obtain reasonable results for unsaturated C-H containing molecules;
(ii) The incompatibility of the required effects to
2 3
those predicted on a Coulomb model based on excess atomic charges * ;
(iii) The possible compatibility of the required 
adjustments with incomplete screening of other nuclear charges in 
the atom environment;
(iv) The conclusion that these effects are maximal 
in systems of such geometry where p^ and p^ distinctions are relevant, 
but that these same effects are by no means negligible in any other 
molecule.
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APPENDIX II
The form of the electronic exchange integral is,
6 . .  = <<Ml) rf. (2) | | * (2) (l)>
1 J  1  J 12
where 6 are the wave functions for particular MO's, and R^2 is
the distance of electron 1 from electron 2. A one center approximation 
(because of 1/R^g dependence of the operator), and a limitation 
solely to the nitrogen center (because it is by far the greatest 
contributor to the n-MO) was adopted. Thus, the wave functions of 
relevance to exchange integral evaluations are, (Chapter II, Table III)
<t> = +0.226 ~ 0.827n 2s 2pz
V -  593 ^2px 
Then substituting for (S and 0^*, we find
6 „n *  *  < + 0 - 2 2 6 ^ , - 0 . 8 2 7 ^  ( 1 ) ( - 0 . 5 9 3 ^  ) ( 2 )  l f ^ -  I
Z X 12
( + 0 . 226^2s - 0 . 827f*2pz ) ( 2) ( - 0 . 593^2p ) ( 1) > .
Further expansion generates,
2
6nTi* = (-0.827)2(-0.593)2<tf2p ( 1 )^2p (2) 'r“ " ^ 2 p (2)*2p (l)>
z x 12 z x
2
+ (+0.226)2(-0.593)2<tf2s(l)«*2 < 2) |-|—  U 2s(2)^2p U)>.
x 12 x
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The terms in bracket notation can be defined as
< V ° V 2) V l)> = K-
and
<«S2s(1)#l2 ^2 ^ r7 I ^ 2 s ^2 ^ 2 p = Kxs*
*x 12 *x
The general terms K and K were approximated a s \xz xs
K ^ lev. 
x z
K £ 3eV . 
x s
Making use of these approximations, the exchange integral (6 ^*)
was found to be 0.294-eV. Thus the singlet-triplet split in the
n  - *  t t  t r a n s i t i o n  i s  0 . 589e V ;  t h i s  m u s t  b e  c o n s i d e r e d  t h e  m a x i m u m
approximation, in that the value for K was taken to be leV. A
x z
s i n g l e t - t r i p l e t  s p l i t t i n g  f o r  a  n ■* t t *  t r a n s i t i o n ,  t a k e n  f r o m
2
spectral data , predicts an order of O.^eV.
S.P. McGlynn, "Molecular Electronic Spectroscopy. I. The 
Triplet State", Prentice-Hall, Inc., Englewood Cliffs, New 
Jersey, in press.
T.J. Smith and S.P. McGlynn, Photochemis try and Photobio logy,
2, 269 (1964).
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